Purpose: Child abuse is a leading cause of death in infants, which is often associated with abusive head trauma (AHT). The purpose of this retrospective analysis was to identify ocular and systemic findings in confirmed cases of AHT and compare them to a group of non-abusive head trauma (NAHT) patients. Patients and methods: A retrospective chart review of 165 patients with accidental and non-accidental trauma admitted between 2013 and 2015 to Children's Hospital and Medical Center in Omaha, NE, USA, was performed. Diagnosis of AHT was made after the analysis of ocular and systemic findings by various subspecialists. The NAHT group consisted of accidental trauma, abusive trauma without significant apparent head involvement on initial evaluation and unconfirmed AHT cases. Results: Of the 165 presenting cases, 30 patients were diagnosed with AHT and 127 were diagnosed with NAHT. Ocular findings in AHT patients were significant for retinal hemorrhages (63%) and vitreous hemorrhages (37%), while NAHT patients had no ocular findings ( p0.001). Neuroimaging revealed subdural hemorrhages (SDHs) in 29 out of 30 AHT patients (97%) and in 27 out of 127 NAHT patients (21%). Seizures were present in 43% of AHT patients (n=13) and only in 8% of NAHT patients (n=10). Conclusion: AHT has statistically significant findings of retinal and vitreous hemorrhages. The absence of diffuse retinal hemorrhages, however, does not preclude the AHT diagnosis as more than one-third of AHT patients lacked retinal hemorrhages. SDHs, loss of consciousness and history of seizures also have high correlation with a diagnosis of AHT.
Introduction
Abusive head trauma (AHT) is the leading cause of infant death and long-term morbidity from injury.
1,2 An estimated 30 cases in 100,000 children under the age of 1 year are diagnosed with AHT, resulting in ~80 deaths per year in the USA. 3 Mortality rates from AHT are recorded as high as 25% in some cases. 2 Even for those who survive, developmental delay due to brain injury and loss of vision from cortical visual impairment can be as high as 80%. 4, 5 Since being introduced in the 1960s as battered infant, AHT has been known as whiplash shaken infant syndrome, inflicted traumatic brain injury and shaken baby syndrome. A definitive diagnosis of AHT can be complex and controversial, considering the social, psychological and legal ramifications. A policy statement by the American Academy of Pediatrics strongly encourages case investigations that include meticulous medical history taking, examinations and medical workups. 6 Multidisciplinary specialists in radiology, ophthalmology, neurology and other fields may be necessary for the complete diagnosis. In addition, child protective services and law enforcement are a part of the process.
Retinal hemorrhages have been one of the hallmarks of AHT and can be severe, extend into the peripheral retina and oftentimes are described as too numerous to count. 7, 8 Retinal abnormalities are likely the result of rotational shearing forces between the vitreous and retina, and as many as 81% of children with AHT have bilateral hemorrhages. 9 These findings are especially unique to AHT when there is no history of a traumatic accident or a coagulopathy. 2, 5 In addition, vitreous hemorrhages are often found in conjunction with severe retinal hemorrhages, correlating with the extreme nature of the injury. Other causes of retinal hemorrhages in children exist, including severe hematologic disease anemia, carbon monoxide poisoning, cerebral aneurysm, leukemia, infections and thrombocytopenia, which must be ruled out.
Subdural hemorrhages (SDHs) are also strongly correlated with a diagnosis of AHT when found without an associated motor vehicle accident or significant fall. 1, 10 Nonaccidental injury is the most common cause of significant SDHs in children under the age of 2 years. 11 When associated with abuse, SDHs have a characteristic pattern of extensive diffusion in multiple areas around the brain rather than localized hemorrhages as seen in accidental blunt trauma patients. In addition to retinal and SDHs, other neurological findings are strongly associated with AHT. Among children 1 year of age, 95% of serious central nervous system injuries are attributed to AHT. 1 One study found seizures present in 64% of AHT patients. 12 The purpose of this retrospective analysis was to identify ocular and systemic findings in the cases of AHT and compare them to NAHT patients.
Patients and methods
The medical records of all children 4 years of age with suspected abuse admitted between 2013 and 2015 to Children's Hospital and Medical Center in Omaha, NE, USA, were retrospectively reviewed. Ethical approval for this study was granted by the institutional review board (IRB) of the University of Nebraska Medical Center, and this study complied with federal and state laws and regulations with IRB#385-15-EP. Because it is a review of medical records, there is a waiver of parental permission (consent) and obtaining consent is impractical (45 CFR 46.116(d) and 45 CFR 164.512 (I)(2)(ii)).
A total of 165 patients were screened by hospital personnel including pediatricians, ophthalmologists, radiologists and the hospital abuse specialists, when warranted. Patients were grouped into two categories: confirmed cases of AHT and non-abusive head trauma (NAHT). All children were examined within 24 hours of their presentation to the emergency department, pediatric intensive care unit or inhospital consults. Examinations included ophthalmology examinations and computed tomography (CT) and/or magnetic resonance imaging (MRI) tests. Once a diagnosis of abuse was suspected, involvement of child protective services and law enforcement was included. A confirmed diagnosis of abuse was determined by a collection of evidence from the hospital child protection team, child protective services, law enforcement, discussions and frequent confessions from the perpetrator and, oftentimes, legal proceedings. The NAHT group was composed of accidental trauma with apparent head injury without confirmed abuse.
Retinal images were taken using Retcam III (Clarity Medical Systems, Pleasanton, CA, USA) in both groups. Retinal images and data were reviewed and recorded by a pediatric ophthalmologist. The following factors were collected and compared between the AHT and NAHT groups: head injury sequela, including fractures and SDHs; retinal and vitreous hemorrhages and associated systemic findings. Zone of retinal involvement was defined similarly to the description used for retinopathy of prematurity: zone I is the circle that has a radius twice the distance of the optic disk to the macula; zone II extends anteriorly to the nasal ora serrata; zone III is the remainder of the temporal retina.
Statistical analysis was generated with SAS/STAT software, Version 9.4 (© 2002-2012; SAS Institute Inc. Cary, NC, USA). Variables were analyzed for statistical significance through exact chi-square testing of independence. Data results were considered significant if the p-value was 0.05.
Results
Of the 165 patients who presented with suspected abuse, 64 were specifically associated with head injuries. Of those 64 patients, 30 children had a diagnosis of AHT, and 34 children were categorized as NAHT. Male preponderance was present in both groups; AHT was 53.3% and NAHT was 61.8% male. There were four fatalities in the AHT group, all of whom were male; there was one fatality among the NAHT group. The age of presentation of AHT patients ranged from 0.08 to 4 years with 83% of the patients under the age of 1 year. The mean age of AHT patients was 0.64 years, and the median age was 0.41 years. The age range of NAHT patients was 0.1-4 years with a mean age of 1.6 years and a median age of 0.5 years.
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Clinical comparison of ocular and systemic findings in diagnosed cases
Systemic findings differed between the AHT and NAHT patients ( Table 1) . Loss of consciousness was more common in AHT (50.0% compared to 14.7%; p=0.003). In addition, non-facial ecchymosis was a significant finding in AHT patients (n=9, 30.0%) in comparison to NAHT patients (n=1; 2.9%; p=0.004). Seizures, lethargy and facial ecchymosis were seen more often in the AHT group. None of the patients of either group had bleeding disorders.
Ocular findings were also statistically significant in the two groups (Table 2) . Retinal hemorrhages were found only in AHT (63.3% vs 0%; p0.001). Of the AHT patients with retinal hemorrhages, 12 of them were found bilaterally (63.2%) while seven had hemorrhages in one eye (36.8%). Of the unilateral retinal hemorrhages, three were present in the right eye (42.9%) and four were present in the left eye (56.1%). Retinal hemorrhages were found in each layer of the retina: preretinal, intraretinal and subretinal. Specifically, intraretinal hemorrhages were found in five eyes and preretinal hemorrhages were found in seven eyes. In addition, 19 eyes had hemorrhages located in all three layers: intraretinal, subretinal and preretinal. The number of retinal hemorrhages found in an eye was documented and ranged from 5 to 50 with an average of 28.56 hemorrhages in one eye. In addition, the size of the largest retinal hemorrhage found in one eye ranged from 0.2 to 10 disk diameters with an average of 3.17 disk diameters.
Of the 19 AHT patients with retinal hemorrhages, none had retinal hemorrhages extending into zone III. There were 16 eyes with retinal hemorrhages limited to zone I. A total of 15 eyes had retinal hemorrhages in zones I and II. While found in none of the NAHT patients, vitreous hemorrhage was found in 11 AHT patients (36.7%), which was statistically significant ( p0.001). Specifically, vitreous hemorrhages were found in 18 eyes: four unilaterally, seven bilaterally. In addition, optic nerve head edema was found in two AHT patients (6.7%) and none of the NAHT patients. One AHT patient had bilateral optic nerve head edema, and one AHT patient had optic nerve head edema in one eye.
Parenchymal hemorrhages were noted on radiological examination in 13.3% of AHT patients, while none were in the NAHT group ( p=0.043; Table 3 ). SDHs had statistically significant findings in 96.7% of AHT patients and in 55.9% of NAHT patients ( p0.001). Skull fractures did not have statistical significance between the head trauma patients as they were diagnosed in 23.3% of AHT patients and 17.6% in the NAHT group ( p=0.76). The manifestation of retinal hemorrhages carries significant weight in the diagnosis of AHT. They were present in 63.3% of AHT patients in this study compared to NAHT patients who had no retinal hemorrhages ( p0.001). Other studies have shown multilayered, extensive retinal hemorrhages in up to 100% of AHT patients, in the absence of major accidental trauma or known coagulopathy. 2, 7, 12, 13 In addition, bilateral retinal hemorrhages are more common than unilateral hemorrhages in patients diagnosed with AHT, as seen in almost two-thirds of the retinal hemorrhage patients in this retrospective analysis. In Bechtel et al's 14 study of abusive injury patients, 60.0% had retinal hemorrhages, of which 66.7% were bilateral. It must be noted, however, that unilateral retinal hemorrhages do not rule out a diagnosis of abuse, as they were found in seven AHT patients in the study.
Retinal hemorrhages associated with AHT are known to occur in three distinct retinal layers: preretinal, intraretinal and subretinal. While retinal hemorrhages were found in 31 AHT eyes, 19 eyes (61.3%) had hemorrhages in all three layers. The pathophysiology of retinal hemorrhages incorporates factors such as strong vitreoretinal adhesions, the vector force involved and weaker infant blood vessels. 5 Repetitive acceleration-deceleration of an infant creates a shearing between the vitreous and retina, causing traction and splitting of the retinal layers, particularly at areas of strong vitreoretinal adhesion. 2, 8, [15] [16] [17] Research has shown that the repetition of injury will result in mechanical stress on the retina with cumulative vector force exceeding the integrity of the weak infant blood vessels, resulting in rupturing and hemorrhages. 7, 8 With increased vector force during abuse, severe retinal hemorrhages may give rise to vitreous hemorrhages. 2 Of the 31 eyes with retinal hemorrhages, 18 eyes (58.0%) had associated vitreous hemorrhages. As they were found to be statistically significant in this study, vitreous hemorrhages were found in 11 AHT patients (36.7%) in comparison to the NAHT patients who had no vitreous hemorrhages ( p0.001).
Other studies have shown between 13% and 16% of AHT patients with vitreous hemorrhages. 12, 14 Vitreous hemorrhages were notably higher in this study likely due to earlier detection by the abuse specialist as well as being indicative of the severity of the insult.
Other causes of retinal hemorrhages which must be ruled out in trauma cases such as these are cardiopulmonary resuscitation (CPR) and increased intracranial pressure. 2, 8, 18 While many of the NAHT patients in this study had CPR prior to hospital admission, none of them presented with retinal hemorrhages. Studies demonstrate that hemorrhages associated with CPR may be present in the posterior pole, but they are usually few and infrequent. 19 In one study of 54 patients with known CPR and no history of trauma, only one patient (2%) had retinal hemorrhages. 19 A separate, prospective study of 43 CPR patients also found only one with retinal hemorrhages present. 20 Notably, this patient had 60 minutes of CPR which resulted in small punctate hemorrhages bilaterally. 20 It has been documented that the majority of CPR cases with retinal hemorrhages have concurrent coagulopathy which contributes to the bleeding. 19, 20 In addition, associated with retinal hemorrhages, clinically diagnosed papilledema due to increased intracranial pressure can present with a distinct pattern of retinal hemorrhages: typically intraretinal, peripapillary, splinter-like hemorrhages which are confined in or around the optic disk area, not extending to the peripheral retina. 8 This pattern of hemorrhages can be distinguished from those hemorrhages found in conjunction with optic nerve changes found in AHT cases. Unlike hemorrhages, characteristic of classic papilledema and optic nerve edema found in the two AHT patients in this study were associated with more extensive retinal hemorrhages found in zones I and II as well as vitreous hemorrhages, likely secondary to the severity of the injury. Optic nerve edema associated with abuse is not a frequent occurrence. Studies have shown papilledema to be found in 10% of AHT cases. 8, 12, 14 In this study, only two of the patients (6.7%) had papilledema, both with extensive retinal and vitreous hemorrhages.
While their presence is considered very important in a diagnosis, the distinct absence of retinal hemorrhages does not create a definitive diagnosis of non-abuse nor does it rule out AHT. AHT patients can present without retinal hemorrhages, as seen in 11 patients (36.7%) in this study. 
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As well, even though this study shows an absence of retinal hemorrhages in the cases of NAHT, numerous studies report a presence of minor retinal hemorrhages in 0.06%-10.4% after accident-related injuries. 21, 22 In addition to ocular findings, neurological conditions such as loss of consciousness, presence of seizures and SDHs have high correlations with AHT as found in this study. SDHs were present in 29 of the 30 AHT patients (96.7%) in comparison to 19 of the 34 NAHT patients (55.9%, p0.001). In addition, even without the presence of any retinal hemorrhages, a remarkable 11 AHT patients were diagnosed with extensive SDHs. Similar to the vitreoretinal coup-countercoup injury resulting in retinal hemorrhages, SDHs are also secondary to the brain-cerebrospinal fluid interface. 23 The immature infant bridging veins are more susceptible to the shearing rotational forces observed in AHT, resulting in subdural and/or subarachnoid hemorrhages. 5, 24 In contrast, NAHT patients are exposed to more translational forces such as blunt trauma, resulting in less severe epidural hemorrhages. 5 Therefore, while the SDHs in AHT were found to be extensive, the SDHs in NAHT patients were found to be mild or minimal and had an association with skull fractures or benign subarachnoid fluid. 1 Due to the severity of brain injury, AHT patients are also more likely to have a history of altered mental status than NAHT patients. Even though there was no statistical difference in the presence of head fractures between the two groups ( p=0.76), the degree of head injury in AHT was remarkably higher than in NAHT patients. In this study group of 30 AHT patients, 50.0% had a loss of consciousness, which was statistically significant in comparison to the loss of consciousness found in 14.7% of the NAHT patients ( p=0.003). Patients presenting with seizures or a history of seizures was not statistically significant between the two groups as they were found in 43.3% of the AHT patients and 26.5% of the NAHT ( p=0. 19) . A prospective study by Bechtel et al 14 found 53% of the AHT patients to have seizures and 53% with altered mental status. Encountering AHT patients with seizures must be compared to those patients with simple seizure disorders who do not typically present with retinal hemorrhages at all. 25 A diagnosis of AHT or NAHT is obviously multifactorial and must be considered with caution. To positively diagnose a case of AHT, a combination of clinical features must be analyzed. As seen in this study, the presence or absence of retinal hemorrhages alone cannot produce a diagnosis of AHT without also analyzing any associated neurological data. In fact, the severity of brain injury often correlates highly with the severity of retinal hemorrhages. Maguire et al's large-scale study found the probability of AHT diagnosis for a child presenting with apnea and retinal hemorrhages to be 90%. 26 In addition, if a child had seizures and retinal hemorrhages, the probability of AHT was ~87%.
26
Limitations in this study include its retrospective nature, no multivariate analysis and the small sample size. In addition, retrospective nature of the analysis could have led to bias due to looking for already-known associations with AHT. In addition, these findings may be skewed, because this hospital is a level II trauma center thus the number of cases presenting with critical head trauma involving retinal hemorrhage may be limited.
Conclusion
The presence of retinal and SDHs and a history of loss of consciousness are significant risk factors for AHT. Even in unilateral or absent retinal hemorrhage cases, one should be thorough in evaluating for a potential of abuse, especially when those cases are found to occur in conjunction with SDHs. Correlating a patient's social and medical history with radiological findings are important considerations when making a diagnosis. While these findings support published literature, a large-scale prospective study is needed to collect more extensive clinical data while using a multivariate analysis.
